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Abstract 
This paper presents finite element analyses of the expansive behaviour of the concrete cover subjected to 
reinforcement corrosion in RC structure. The crack patterns and cracking process are discussed, while the critical 
amount of reinforcement corrosion needed for the cracking of concrete cover in terms of the expansive rate is 
investigated. Based on the FE results, a fitting formula relating the expansive rate with cover depth, rebar diameter, as 
well as elastic modulus and tensile strength of concrete is proposed. It is found that the results of the fitting formula 
agree well with that of other researcher’s and can be used to predict the expansive behavior of the concrete cover due 
to reinforcement corrosion without losing much accuracy. 
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1. Introduction
The corrosion of steel reinforcement, which is of great concern in reinforced concrete (RC)
infrastructure, has been identified as the major cause responsible for the deterioration of the RC structures 
during the last decade. The serviceability and the durability of RC structures can be seriously affected by  
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Nomenclature 
 
a the depth coefficient of corrosion products 
c  concrete cover depth 
d reinforcing bar diameter 
u            radial expansive displacement 
θ            the rotation angle in arbitrary point of the corrosion shape outline 
ft            tensile strength of concrete 
Ec           elastic modulus of concrete 
η            the expansive rate 
Gc          concrete grade 
 
the corrosion of steel reinforcement, which may result in damage to the structures in the form of 
expansion, cracking, spalling and delamination of the concrete cover.  
Usually, the time of repair/replacement of reinforced concrete structures due to corrosion is controlled 
by the cracking of the concrete cover. Thus, it is important to be able to predict the cracking behaviour of 
the concrete cover before the appearance of cracks. As a result, various experimental studies [1,2,3,4] 
based on the accelerated corrosion tests and theoretical studies [5,6,7,8] based on theories of elasticity 
have been conducted to investigate the radial expansion of corroded reinforcement and its effects on RC 
structures. 
However, in an accelerated corrosion experiment, the accuracy of experimental results may be greatly 
dependent on the external observation of the physical specimen [9]. Moreover, it is also difficult to 
measure the radial expansion of corroded reinforcement, and erroneous predictions may occur if the 
results are extrapolated to the behaviour of real structures [2]. The accelerated corrosion test is not used to 
reveal the internal mechanism and the whole process of concrete cracking caused by radial expansion of 
corroded reinforcement. 
In the present paper, finite element analyses of the expansive behaviour of the concrete cover subjected 
to reinforcement corrosion in RC structure are presented. The crack patterns and cracking process are 
discussed, while the critical amount of steel corrosion needed for the cracking of concrete cover in terms 
of the expansive rate is investigated. Based on the FE results, a fitting formula relating the expansive rate 
with cover depth, rebar diameter, as well as elastic modulus and tensile strength of concrete is proposed 
for the purpose of model verification. 
2. Models for the corrosion analysis 
The problem of corrosion expansion has been modelled as a boundary value problem, wherein to 
accommodate the expansive corrosion products the internal circular boundary at the steel-concrete 
interface is displaced resulting in the evolution of the expansive radial displacement at the boundary. Fig. 
1(a) shows the initial unrestrained condition for concrete block and reinforcement wherein the reinforcing 
bar of initial diameter d is embedded in the concrete with a clear cover to the reinforcement being c. 
Xiao Pengwei et al. / Procedia Engineering 12 (2011) 117–126 119
 
 
 
                                                      (a)                                                          (b) 
Fig. 1. Analytical models of corrosion-induced concrete cover cracking: (a) analytical model; (b) modeling methods 
 
A porous zone, which is assumed to take care of voids at the steel-concrete interface, is assumed to 
exist around the steel-concrete interface. The surrounding concrete is not subjected to any internal radial 
expansion during the initial filling of porous zone with rust products. However, any further free expansion 
of corrosion products beyond the porous zone is restrained by the surrounding concrete. At this stage, the 
accumulation of corrosion products on the rebar can be modelled by imposing a uniform radial 
displacement along the steel-concrete surface, as shown in Fig.1 (b). 
However, in a real case, due to the different levels of carbonation of concrete cover and/or content of 
chloride ions around the rebar, corrosion of reinforcement in concrete is unable to take place uniformly 
along the circumference of its cross-section [10]. In this case, the distribution of corrosion products is 
highly localized, and usually more corrosion product is accumulated where the concentration of 
carbonation and/or chloride ions is higher [11,12]. Generally, more corrosion and consequently more 
expansion are very likely to happen where the thickness of concrete cover around the rebar is the smallest. 
Therefore, in addition to the same radial expansive displacements that were used to simulate idealized 
uniform corrosion, nearly elliptically distributed radial expansive displacements are assigned to represent 
non-uniform corrosion ( as shown in Fig. 2) in the finite element analysis. 
The shape of the elliptically distributed radial expansive displacements around the circumference of 
the rebar can be expressed in the following formulas: 
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Fig. 2. Analytical model of non-uniform corrosion: (a) base parameters in the model; (b) the outline of non-uniform expansion 
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Fig. 3. Boundary conditions of the analytical model                       Fig. 4. The FE model adopted in the ANSYS software 
 
Where, u is the radial expansive displacement imposed on the steel-concrete surface; θ is the rotation 
angle in arbitrary point of  the corrosion shape outline;  α is the central angle corresponding to the 
corrosion area in the steel-concrete surface;  F(α)=3sin(α/2)+sin3(α/2)-3(α/2)cos(α/2); d is rebar diameter; 
c is cover depth; and a is the depth coefficient of corrosion products, which reveals the corrosion degree 
of the reinforcing steel. 
The samples in the simulation are concrete prisms of 300 mm height × 300 mm width × 200 mm depth 
with a rebar located in the middle. Design variables defining the geometry of the problem are the concrete 
cover c, the rebar diameter d, the tensile strength of concrete ft as well as elastic modulus of concrete Ec. 
Taking into account the fact that the top side of concrete prism is sufficiently remote from the corrosion 
area of concern such that there is little effect by the corrosion expansion process, the top side of concrete 
prism is taken as fixed boundary while the others as free boundaries, as shown in Fig. 3. The finite 
element software ANSYS is adopted in the simulation and the FE model adopted in the ANSYS software 
is shown in Fig. 4. 
3. Results and Discussions 
3.1. Cracking patterns and process obtained in the simulation 
Based on the FE analytical results, two typical crack patterns of concrete cover in the specimens with 
concrete cover depth c = 30 mm are obtained in the uniform corrosion, as shown in Fig. 5. Form the 
nonlinear FE analysis, as can be seen, the specimen with c/d = 1.07 fails in the FE analysis when the 
concrete cracks propagating along about the 45° - direction measured from the horizontal direction 
penetrate through the concrete cover. Those 45°-direction inclined cracks initiate at the concrete/steel 
interface and then propagate along the radial direction to the surface of concrete cover. However, with the 
value of c/d increasing to 2.5, cracks perpendicular to the side surface which also initiate at the 
concrete/steel surface appear and propagate substantially, but those incline to the side surface are not too 
obvious. There is an essential similarity between the cracking failure patterns obtained in the nonlinear 
FE analysis and those observed experimentally by Williamson and Clark [13]. 
The crack pattern obtained in the simulation of non-uniform corrosion is shown in Fig. 6. It is 
observed that, initially the inclined cracks which initiate at the concrete/steel surface and propagate along 
the radial direction to the surface of concrete cover appear, followed by the formation of vertical crack 
which initiates at the external surface of concrete cover and propagates toward the internal concrete/steel 
surface. Nevertheless, it should be noted that, in the real case, this crack pattern is more likely to occur as  
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(a) c/d=1.07                                                (b) c/d=2.5 
Fig.5 Typical FE crack patterns of uniform corrosion                                    Fig. 6 Typical FE crack pattern of  
non-uniform corrosion 
 
the initial shrinkage of concrete before harden may result in more micro-cracks in the smallest concrete 
cover. 
3.2. Comparison between uniform expansion and non-uniform expansion 
Taking specimens with different diameters as an example, the cracking process of concrete cover due 
to an increasing radial expansion of corroded reinforcement is analysed for the uniform corrosion and 
non-uniform corrosion. In the adverse environment, non-uniform corrosion always occurs at the surface 
close to concrete cover and the corrosion products initially accumulate on this side. However, the other 
side of the rebar surface which far away from the concrete cover may have little corrosion even the 
cracking of concrete cover has already occurred due to the expansion of the corrosion products close to 
concrete cover. Hence, in the non-uniform corrosion, the central angle α corresponding to the corrosion 
area is assumed to be 180°. The value of expansive displacement is determined by the depth coefficient of 
corrosion products a. The material parameters of specimens used in this analysis are shown in Table 1. 
 
Table 1: Material parameters of specimens 
 
Specimens fc(MPa) Ec (Gpa) c(mm) d(mm) 
S1 2.2 33 30 12 
S2 2.2 33 30 16 
S3 2.2 33 30 20 
S4 2.2 33 30 24 
S5 2.2 33 30 28 
 
Table 2: Comparison between uniform expansion and non-uniform expansion 
 
Type of corrosion 
Expansive displacement (mm) 
S1 S2 S3 S4 S5 
Uniform 0.00270 0.00268 0.00258 0.00254 0.00250 
Non-uniform 
The maximum 0.00520 0.00468 0.00412 0.00365 0.00344 
Average 0.00260 0.00234 0.00206 0.00182 0.00172 
 
Obtained from the FE results, the expansive displacements needed for the cracking of concrete cover 
are shown in Table 2. It is apparent that, though the maximum expansive displacements for non-uniform 
corrosion are larger than the expansive displacements for uniform corrosion, the average expansive 
displacements for non-uniform corrosion are smaller than that for uniform corrosion. It is realized that the 
non-uniform corrosion products would accelerate the rate of crack propagation in the concrete cover and, 
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consequently, is more dangerous to concrete structures. Here, the maximum expansive displacement 
means the maximum nodal radial displacement at the rebar surface, while the average expansive 
displacement is the mean of all nodal radial displacement around the rebar surface. 
3.3. Parametric analysis of radial expansion required for cracking of concrete cover 
In the practical engineering, the time to the appearance of corrosion cracks on the surface of concrete 
cover is of great concern and is important for the durability of reinforced concrete structures. This time is 
dependent on the amount of corrosion or attack penetration and, in turn, on the radial expansion of 
corroded reinforcement. In the following sections, a parametric study is conducted to investigate the 
influence of the tensile strength and elastic modulus of concrete, the clear cover of concrete and the 
diameter of the rebar on the amount of corrosion causing cracking initiation of concrete cover due to 
uniformly expansion. It should be noted that, the amount of corrosion products causing cracking initiation 
is in terms of the expansive rate η in the following, where η is defined by the ratio of expansive 
displacement to rebar radius at the time when cracks fully penetrate concrete cover. 
 
Table 3: Range of values used in parametric analysis of cover depth 
 
ft(MPa) Ec (Gpa) c(mm) d(mm) 
2.2 33 15,   2 0,   30,   40,   50 12 
 
Table 4: Range of values used in parametric analysis of rebar diameter 
 
ft(MPa) Ec (Gpa) c(mm) d(mm) 
2.2 33 30 12,   16,   20,   24,   28 
 
Table 5: Range of values used in parametric analysis of tensile strength 
 
ft(MPa) Ec (Gpa) c(mm) d(mm) 
1.54,    2.2,    2.64,    2.93,    3.11 33 30 12 
 
Table 6: Range of values used in parametric analysis of concrete grade 
 
Gc c(mm) d(mm) 
C20,   C35,   C50,   C65,   C80 30 12 
 
Table 7: Material properties of concrete grade 
 
Parametric of strength Concrete grade C20 C35 C50 C65 C80 
fck(N/mm2) 13.4 23.4 32.4 41.5 50.2 
ftk(N/mm2) 1.54 2.20 2.64 2.93 3.11 
Ec(104N/mm2) 2.55 3.15 3.43 3.65 3.80 
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Fig. 7. Relation between expansive rate and cover depth              Fig. 8. Relation between expansive rate and rebar diameter 
 
                              
Fig. 9. Relation between expansive rate and tensile                         Fig. 10. Relation between expansive rate and concrete grade 
strength of concrete    
 
The relation curve between the expansive rate η and cover depth c obtained from the FE results is 
shown in Fig. 7. From the results, it is found that the expensive rate η required for cover cracking 
increases almost linearly from 0.0243% to 0.08%, as the cover depth c increases from 15mm to 50mm. It 
is clear that the cover depth c has a remarkable effect on the expansive rate η. This is because an increase 
of concrete cover reduces the tensile stress at the external surface of the concrete cover which caused by 
the radial expansion of corroded reinforcement and just delays the occurrence of cover cracking. It should 
be noted that, in the practical engineering, the deeper of the concrete cover can not only be more 
effectively in preventing the diffuse of chloride ion, but also results in a higher durability of reinforced 
concrete structures. 
Effect of rebar diameter 
Table 4 shows the range of values used in this parametric analysis of effect of rebar diameter. The 
relation curve between expansive rate η and rebar diameter d obtained from the FE results is shown in Fig. 
8. It can be seen that, the rebar diameter also has a remarkable effect on the expansive rete η. The 
expansive rate η decreases from 0.045% to 0.019%, with the increase of rebar diameter from 12mm to 
28mm. It is observed that the relation between expansive rate η and rebar diameter d characterizes 
exponential function. Hence, it can be concluded that for certain depth of concrete cover, the larger the 
rebar diameter, the more easily to crack the concrete cover. 
Effect of tensile strength of concrete 
Fig. 9 shows the effect of tensile strength of concrete on the expansive rate η obtained in the FE 
analysis, where the range of values used is shown in Table 5. It shows that the expansive rate η increases 
with the tensile strength of concrete ft, as η increases from 0.0317% to 0.0717% while ft increases from 
1.54 MPa to 3.11 MPa. However, though the relation curve between expansive rate η and tensile strength 
ft is not linear which may due to the nonlinear behaviour of concrete, it is observed that the effect of 
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tensile strength ft on the expansive rate η is remarkable. It is therefore realized that the tensile strength ft is 
a significant parameter in determining the cracking behaviour of concrete cover. 
Effect of concrete grade 
To see the effect of concrete grade on the expansive rate η, concrete grade C20, C35, C50, C65 and 
C80 by referring to China ″Reinforced Concrete Structure Design Code″ (GB 50010-2002) are employed 
in the FE analysis. The range of values used in this parametric analysis and material properties of 
concrete grade are shown in Table 6 and 7. It can be seen from Table 6 that, tensile strength of concrete, 
which plays a key role in the cracking behaviour of concrete as described above, and the elastic modulus 
are both taken into account simultaneously. 
The relation curve between expansive rate η and concrete grade is shown in Fig. 10. It shows that the 
relation curve becomes approximately flatten and invariant with the increase of concrete grade. It is 
obvious that the effect of concrete on the expansive rate η is not remarkable. This may be mainly 
attributed to the fact that the tensile strength and the elastic modulus almost increase with the same ratio, 
where the expansive rate η increases with concrete tensile strength and decreases with elastic modulus of 
concrete. It is implied that the elastic modulus is also a significant parameter in determining the cracking 
behaviour of concrete.  
3.4. Validation of FE model by other researchers’ results 
It is found from the above analysis that, the cover depth, rebar diameter, tensile strength and elastic 
modulus of concrete are significant parameters in determining the cracking behavior of concrete cover. 
Based on the results obtained from the FE analysis, a fitting formula predicting the cracking of concrete 
cover in terms of the expansive rate η, which takes into account the cover depth, rebar diameter, tensile 
strength and elastic modulus of concrete, is proposed in the following: 
05729.116947.12.219997.105729.12.219997.105729.1 055281.0233194.002989.0   dcEfdEfd ctctK      (3) 
Where, η is expansive rate (%); d is rebar diameter (mm), ft is the tensile strength of concrete (MPa); Ec is 
the elastic modulus of concrete (104N/mm2); c is cover depth (mm). As can be seen from the above 
formula that, the expansive rate η is taken to be exponential function of rebar diameter d, tensile strength 
ft, the elastic modulus Ec and cover depth c. 
To investigate the accuracy of the fitting formula, some researcher’s results are employed to compare 
with the predicting results of the fitting formula. Konishi et al. [14] studied the expansive behaviour of 
corrosion experimentally. Their specimens with dimensions of 165×165×190 mm had a 25 mm smooth 
bar embedded at the center and had a c/d ratio of 2.8. Based on the experimental results, Konishi [14] 
reported that the expansive rate η for the cracking of concrete cover was 0.0288%. Y. G. Du et al. [9] 
carried out a finite element analysis of the effects of corroding reinforcement on the surrounding. In the 
FE analysis, specimens of Clark and Saifullah [15] with 8 mm rebar diameter were used to investigate the 
radial expansion required to cause the cracking of concrete cover. The comparisons between the results of 
the fitting formula and that of the researcher’s as mentioned above, and between the results of the fitting 
formula and the FE results in this paper are shown in Fig. 11. It should be noted that, material properties 
of concrete including creep coefficient and Poisson’s ratio are not taken into account in the fitting formula 
for simplification, which may result in discrepancies. Nevertheless, the results of the fitting formula agree 
well with FE results in this paper and the results of the researcher’s. It is therefore realized that the fitting 
formula obtained based on the results of the FE analysis can be used to predict the expansive behaviour of 
the concrete cover due to the corrosion of reinforcement without losing much accuracy. 
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  Fig. 11. Comparison between the results of the fitting formula and that of models 
4. Conclusion 
Based on the study, the following conclusions are drawn: 
 (1) Four material parameters, i.e., cover depth, rebar diameter, elastic modulus of concrete as well as 
tensile strength of concrete are recognized as significant parameters in determining the cracking 
behaviour of concrete cover. It is found that the expensive rate η required for cover cracking increases 
almost linearly with the cover depth c, and increases with the tensile strength of concrete as well, but 
decreases with rebar diameter d.  But the effect of the concrete grade by referring to China ″Reinforced 
Concrete Structure Design Code″ (GB 50010-2002) on the expensive rate η is not remarkable. 
(2) The results of the fitting formula agree well with the FE results in this paper and the results of the 
researcher’s. It is therefore realized that the fitting formula can be used to predict the expansive behaviour 
of the concrete cover due to the corrosion of reinforcement without losing much accuracy. 
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